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The Prr/RegA response regulator is a global transcription regulator in purple bacteria Rhodobacter sphaeroides and R. capsulatus, and is essential for controlling the metabolic changes between aerobic and anaerobic environments in these extremely versatile bacteria. It is part of the Prr signal transduction pathway that senses and responds to redox potential (Fig. 1) . The study of PrrA is important because of its essential role in oxygen-mediated regulation of gene expression, the unusually large variation in DNA sequences it recognises and to which it binds, its occurrence and strong conservation in several other bacteria, and because of the relative lack of structural studies on the response regulator (RR) protein family compared with the considerable biochemical and genetic information. Furthermore, PrrAC (the C-terminal DNA-binding domain of PrrA) is predicted to be one of the simplest folds so far for RR effector domains and does not belong to any of the three main effector domain families (OmpR/PhoB, NtrC/Dcdt, NarL/FixJ).
We recently presented the solution structure of PrrAC (residues 125-184). It forms a threehelix bundle, each helix forming about a 30 o angle with the next one. Helices α7 and α8 form the helix-turn-helix DNA binding motif, of which the recognition helix, α8, is expected to insert into the major groove of DNA. PrrAC belongs to the abundant family of three-helix bundle HTH DNA-binding domains, and it presents structural homologies with prokaryotic and eukaryotic DNA-binding domains such as DNA polymerase and many transcription factors, but with less than 20% identity on average. The PrrAC fold is most similar to Fis (Factor for Inversion Stimulation) protein; indeed, the domain architecture is different from previously characterised response regulator effector domains, as it is shorter than any characterised so far.
We wanted to determine the nature of any interactions between PrrAC and PrrAN (the Nterminal domain) and to find out if PrrAN 'blocked' the helix-turn-helix motif in helix α8, as is the case for some response regulators in their inactive state. Comparison of chemical shifts in the full-length protein and PrrAC (facilitated by an unusual inability to see signals from the N-terminal domain, perhaps due to partial unfolding or chemical exchange process) suggested that the region of PrrAC in contact with the N-terminal domain in the inactive full-length PrrA protein is the α6 helix. This area of the protein having interactions with the regulatory domain would not support a direct blockage of the DNA-binding recognition helix by the Nterminal domain. Importantly for PrrA function, the phosphorylation of PrrA by a phosphate analogue, BeF 3 -, shows that PrrA dimerises upon phosphorylation, as observed for many RRs. A complete loss of NMR signal from the PrrAC domain occurs upon phosphorylation, suggesting a drastic conformational and/or dynamic change upon dimerisation. Alignment of Prr/RegA DNA targets permitted a refinement of the consensus sequence, which contains two GCGNC inverted repeats with variable half-site spacings. We noticed that the number of bases between GCG and CGC motifs range from 3 (for the PrrA cluster sequence) to 9 nucleotides. This variable distance puts the recognition elements at different relative positions on the B-DNA helix and suggests that the PrrA dimer and/or the DNA itself would have to adopt different conformations to adapt for different spacings, probably with different affinities. An ability to bind differently spaced, poorly conserved sequences but with some similar structural features might be an advantage for PrrA activity as a global regulator, controlling many different genes and highly conserved in several even non-related, organisms.
Our NMR titrations of PrrAC with specific and non-specific DNA have revealed which surfaces are involved in DNA binding and suggest residues important for binding specificity. We constructed a model of the PrrAC/DNA complex in which two PrrAC molecules are bound to DNA in a symmetrical manner. A careful study of DNA/protein complexes showed that in most such complexes, the DNA is bent. Furthermore, the bending is not usually continuous but shows kinks at discrete sites. The kink sites are generally formed by pyrimidine-purine (YR) steps [CA (=TG), TA or CG], a particularly flexible combination, which, for proteins that bind DNA in adjacent major grooves as many dimers do, are usually found about one helix turn apart (8 to 10 bp). In the PrrA binding sequences, whatever the distance between the right and left repeats there are always two YR steps 8 to 11 bases apart. We therefore suggest that the binding of PrrA to DNA fits this model and is accompanied by kinking. In support of the kink hypothesis, we note that GC-rich regions and AT-rich regions favour compression of the major and the minor groove respectively, therefore likely to encourage the bending process.
An investigation of how the full-length PrrA dimer binds DNA targets with drastically different half-site spacings, and the influence on DNA local structure, are now being investigated. Such investigations could provide important information on the strategies a transcription activator can adopt to bind different DNA sequences and its influence on gene regulation exerted by the PrrA family of response regulators in bacteria. 
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